ABSTRACT
Introduction
the Postgenomic era made it clear that the genetic code is not simply an assignment of 61 trinucleotides to 20 α-amino acids but it is also a modulating factor in gene expression. the degeneration of genetic code in combination with the species (possibly tissue) specific codon usage is a mechanism for fine regulation/modulation of protein biosynthesis (25) . Although the codon usage phenomenon was described long ago, its biological significance remained vague until the last decade. Ever since the year 2000, thousands of prokaryotic, eukaryotic, viral and organelle genomes have been sequenced, opening a new thoroughfare for extensive bioinformatics analyses, including studies on the codon usage phenomenon. the obtained results undoubtedly demonstrate that the synonymous codons are not randomly employed and that their preference varies widely between the different taxonomic groups (sometimes between the species) (20) .
Besides single codon bias, the combinations of codons (codon pairs) are also biased (3) . the latter is explained by the difference in compatibility between the isoacceptor tRnAs occupying the two functional (A and P) sites on the translating ribosome (13) . Taking into consideration that the steric parameters of these two sites are genetically pre-determined by the structure of the small ribosomal subunit, it is logical to assume that the combinations between two isoacceptor tRNAs (having different spatial structures) or a tRNA in P and a release factor (RF1 or RF2) in the A site will not be equal and, therefore, could play the role of a modulating factor in the translation of genetic information (19) . Bearing in mind that these combinations are genetically encoded by the collinear arrangement of synonymous codons in mRnA, their effect on translation can be indirectly estimated via the frequency of occurrence of codon pairs in protein coding genes.
In a previous study (4) we investigated the frequency of occurrence of codon pairs in all Escherichia coli open reading frames (ORFs) and proved undoubtedly that both the combinations sense:sense and sense:stop codons were nonrandomly distributed. our analysis, based on 4289 oRFs, revealed that the frequency of occurrence of codon pairs in the E. coli genome varied from zero to 4913. Based on their preference, the codon pairs were classified as: overrepresented, moderately represented, underrepresented and missing. Thus, 19 missing pairs were identified of which 14 appeared to be combinations between sense and stop codons. With the exception of one pair, AcU:UGA, the rest contained UAG as a stop codon. Furthermore, we studied the effect of various sense:stop codon pairs on translation efficiency in vivo and demonstrated that the missing pairs ccU:UAG and ccc:UAG, but not ccU:UAA and ccc:UAA (all coding for Pro:stop) had a strong suppressing effect on the translation of chloramphenicol acethyltransferase (cat) gene (5) . the yield of recombinant (cAt) protein in this experiment had a direct correlation with the type of stop codon used in the pair, with a decreasing order: UAA>UGA>UAG. in our earlier studies, however, we did not investigate either the usage of nucleotides located downstream of the stop codon (in the non-translating region), or their effect on translation.
Here, we took advantage of the availability of hundreds of bacterial and thousands of mitochondrial genome sequences, to analyze the frequency of occurrence (usage) of combinations of stop codons with adjacent upstream and downstream triplets in 482 453 bacterial and 16 967 mitochondrial genes belonging to 264 bacterial and 1308 mammalian mitochondrial genomes. to study all three types of triplet combinations: pre-stop:stop, stop:post-stop and pre-stop:stop:post-stop triplets, we developed an original program, called Gene Triplet Analysis (GTA), capable of directly using biological data files (*.gbk).
Databases and Methodology
Genome sequence data files in this study, 1308 mammalian mitochondrial genomes containing 16 967 protein coding genes and 264 bacterial genomes carrying 482453 open reading frames (oRF) were obtained and analyzed. Lists of these genomes belonging to different taxonomic groups are found in Appendix 1 and Appendix 2. All bacterial and mitochondrial (mtDnA) sequences were downloaded from the NCBI GenBank (http:// www.ncbi.nlm.nih.gov/genbank/) as *.gbk files containing complete information about the organism, its genome and sequences of its genes and proteins.
Codon and codon/triplet pairs analysis to study the stop codon context, a new program named Gene triplet Analysis (GtA) was written in JAVA netBeans iDe 6.1 and described in details elsewhere (10) . An advantage of this program is that it directly uses biological data files (*.gbk) from external BioJava (www.biojava.org) libraries and the obtained results are saved as *.csv (Comma Separated Values, see Fig. 1 ). It loads *.gbk files and consecutively extracts information concerning the species name, gene signature and localization in the full length sequence, and calculates the nucleotide position in relation to the first and the last nucleotide in the ORF. Since transcription may take place in opposite directions, two signs (plus or minus) are possible to refer to the nucleotide position depending on the direction of transcription. A positive sign indicates inverse transcription (transcription from opposite strand). In case of reverse transcription, the program automatically converts the sequence into the correct format. The algorithm also identifies the start codon and the first downstream codon (called post-start codon). After that, it determines the stop codon together with the two adjacent triplets: pre-stop and post-stop trinucleotides. Furthermore, the program defines the nonanucleotides pre-stop:stop:post-stop. All data obtained by the GtA program are mounted in a table as *.csv files for further use in mathematical and statistical calculations. The program is designed to work with a userfriendly graphical interface and is available at: http://bio21. bas.bg/kirilov/. 
Results and Discussion
Although the genetic code is considered standard and universal, there are important differences between the standard (cellular) and mitochondrial genetic codes. twentythree deviations from the standard genetic code have been described in mitochondria, indicating that there are at least 23 different types of mitochondrial genetic codes (18) ; www. ncbi.nlm.nih.gov/taxonomy/taxonomyhome.html/index. cgi?chapter=cgencodes (1) . the main differences between the standard and mitochondrial genetic codes can be formulated as follows: a) Many triplets in mitochondria are assigned to different amino acids, other than those for the standard genetic code; b) Some sense codons play the role of termination codons in mitochondria; and c) the stop codon UGA encodes tryptophan in mitochondria.
In this study we took advantage of a large number of bacterial and mitochondrial genomic sequences available at the DnA databases to compare the usage of stop codons and combinations of stop codons with adjacent triplets in both bacteria and mammalian mitochondria.
Stop-codon usage in bacteria and mammalian mitochondria there are three stop codons in the standard genetic code: UAA, UGA and UAG. in this study, we determined their usage (frequency of occurrence) in 482 453 bacterial oRFs belonging to 264 bacterial genomes and also in 16 967 mitochondrial protein-coding genes from 1308 mammalian mitochondria. the data presented in Table 1 show that UAA is the most preferred stop codon (accounting for approximately 48 % of all stop codons) in both bacteria and mitochondria. there is some difference in the usage of the second stop codon UAG in bacteria (19.36 %) and mitochondria (14.22 %) and a noticeable difference in the usage of the third standard stop codon UGA. it is the second preferential stop codon in bacteria (31.87 %) and completely missing in mitochondria. Our analysis also revealed some non-standard stop codons (AUA, UUA, AAA, AAG, AGU and AGc) in bacteria, with a frequency of occurrence below 0.0001 %, which may account for sequencing or data processing errors. In mitochondria, however, besides the two standard stop codons (UAA and UAG), 40 additional translation termination triplets were revealed ( Table 2 ). As seen in Table 2 , the most frequently used non-standard stop codon is ccU (4.93 %), followed by AAU (4.07 %), AUA (2.99 %), cAU (2.94 %), AGA (2.91 %), AGG (2.8 %), cUU (2.34 %), AcU (2.33 %), cUA (1.93 %), UAU (1.90 %), UUU (1.62 %), UUA (1.51 %), AUU (1.51 %), and UcU (1.01 %). the rest of the non-standard stop codons have a frequency of occurrence lower than 1.0. Ten of them (AGc, AcA, AcG, UcA, GAG, GGG, GcA, Gcc, CAC, CCG) have an extremely low frequency of usage (lower than 0.01 %) and the fact that they appear could be explained by sequencing or data processing errors. this group of codons was omitted from further analysis, reducing the number of non-standard stop codons in mammalian mitochondria to 30 triplets. Table 3 and Appendix 3.
As indicated in Table 3 , the most preferred 3'-terminal codon pairs in bacteria contain the stop codon UAA (48.76775 %), followed by UGA (31.86991 %) and UAG (19.35923 %), which correlates with the frequency of usage of the corresponding stop codons (see Table 1 ). the most frequently used codon pair in bacteria is AAA:UAA (6.044 %), followed by GAA:UAA (2.724 %), and AAU:UAA (2.054 %). Among the most frequently used 3'-terminal codon pairs with a frequency of occurrence of at least 1 % (18 in total), the stop codon UAA appears 12 times; UGA, 5 times; and UAG, once. our data also demonstrate that the most preferential penultimate (last sense) codon is the lys codon AAA (9.19 %). We revealed 15 combinations of sense codons with nonstandard termination triplets (AAA, AAG, AGc, AGU, AUA, cAA, cGU, cUG, GAc, GGU, GUA, UUA, UUG) showing a frequency of occurrence lower than 0.0002 %. these may reflect sequencing or data processing errors and are omitted in further analysis.
the frequencies of occurrence of pre-stop:codon codon pairs in mammalian mitochondria are presented in Table 4A and Table 4B , and Appendix 4.
considering that at least 32 different triplets are used for termination in mitochondria (see above), is it logical to expect the presence of a higher number of pre-stop:stop codon combinations than in bacteria. Our analysis revealed 968 such pairs (expected number: 62×32 = 1984) with a frequency of occurrence between 4.167 % and less than 0.001 % (see AA: amino acid.
Appendix 4).
As expected, the most preferential 3'-terminal codon pairs contained the standard stop codons UAA and UAG. they amount to approximately 62 % of all termination codon pairs in mitochondria. the most preferred codon pairs containing standard stop codons ( the most frequently used pre-stop:stop codon pairs containing non-standard stop codons are AcG:cUU, GAA:AGG, ccG:AAU, cUc:AUA, UGA:AGA, etc (Table 4B) . comparing with the data in Table 2 , one can see that their frequency of usage does not correlate with that of the corresponding non-standard stop codons (cUU, AGG, AAU, AUA and AGA).
Stop:post-stop codon usage in bacteria and mammalian mitochondria. As mentioned above (see Databases and Methodology), the new GtA Program made it possible to also study the frequency of occurrence for combinations of stop codons with triplets located downstream in the 3' noncoding region. the results from this analysis for bacteria and mammalian mitochondria are presented in Table 5 and Table 6 , and Appendix 5 and Appendix 6. the most used stop:post-stop codon pair in bacteria ( Table 5) is UAA:AAA (3.53 %), followed by UAA:UUU (2.42 %), UAA:AAU (2.11 %), UAA:UUA (1.78 %), and UAA:AUU (1.63 %). this distribution indicates that the preferential 3'-terminal pairs in bacteria appear to be highly enriched in A and U. the frequency of stop:post-stop codon pairs in mammalian mitochondria containing standard stop codons (Table 6A) is 62.21 %. the most frequently used pairs are: UAA:AAA (4.78 %), UAA:UGA (2.60 %), UAA:GcU (2.17 %), UAA:UGG (2.13 %), UAA:AAU (1.83 %), and UAA:GAA (1.72 %).
Unlike the stop:post-stop codon pairs in bacteria, 37.79 % of all pairs of this type in mitochondria contain non-standard stop codons (see Table 6B ).
As shown in Table 6B , the first two most frequently used stop:post-stop codon pairs with non-standard stop codons (ccU:cAc and AAU:AGG) contain the two most used nonstandard stop codons ccU and AAU (see Table 2 ). However, the frequency of occurrence of the other highly used codon pairs (cUA:AUG, AUA:AUc, AcU:GUA) does not correlate with the frequency of usage of the corresponding non-standard stop codons. Pre-stop:stop:post-stop codon usage in bacteria and mammalian mitochondria. Taking into consideration that the efficiency of translation termination depends on both the type of stop codon used and the context of adjacent nucleotides (stop codon context), we were motivated to determine the frequency of occurrence of nonanucleotides representing combinations of the three 3'-terminal triplets (pre-stop:stop:post-stop codon) in bacteria and mammalian mitochondria. As illustrated in Table 7 and Fig. 2 the nucleotide preference at position -1 (the last nucleotide of the pre-stop codon) in bacteria is: A (32.27 %), U (26.6 %), c (22.5 %), G (18.64 %). the preferred nucleotides at position -2 (the second nucleotide of the prestop codon) are also A or U (63.19 %). the same holds true for position +1 (the first nucleotide following the stop codon) where A and U occur at a frequency of about 30 % each, and G and C with 22 % and 17 %, respectively. The two nucleotides, A and U, are also preferential at positions +2 and +3. 
TABLE 7
Frequency of occurrence of the pre-stop:stop:post-stop codon triplets in bacteria and mammalian mitochondria. the preference of A and U in the triplets adjacent to stop codons is more noticeable in mitochondria ( Table 7 and Fig. 3) . In spite of a high number of diverse stop codons employed in mitochondria, the usage of A/U at position -1 is 62.4 %, and 60.3 % at position +1. The most avoided nucleotide in mitochondria at position 1 is G (1.57 %); at position 2, G (7.0 %) and C (8.8%); and at position 3, C (close to zero).
Translation in both prokaryotes and eukaryotes is terminated by three stop codons (UAG, UGA and UAA), which are recognized by two classes (class I and II) of translation termination/release factors. class i includes the release factors RF1 and RF2 (in prokaryotes) and eRF1 and eRF2 (in eukaryotes), and class II is represented by the release factor RF3 only. RF1/eRF1 and RF2/eRF2 recognize the stop codons UAA/UAG and UAA/UGA, respectively. Both class I release factors hydrolyze the ester bond between the growing polypeptide chain and the last tRnA in the ribosomal P site and the RF3, also called ribosome recycling factor. the latter is employed by prokaryotes only and is not known in eukaryotes (8, 9) . While the translation termination machinery of prokaryotes and eukaryotes is well understood, limited information is available on the translation termination in mitochondria. They contain a separate translation apparatus for the synthesis of mitochondrion-specific proteins encoded by the mitochondrial DnA (7). in mammals, mtDnA encodes 13 proteins that play essential roles in the respiratory chain reaction (6). All proteins required for mitochondrial translation, however, including those involved in translation termination, are coded by nuclear genes and are imported from the cellular cytoplasm.
It is shown that only mtRF1a is necessary and sufficient for the termination of translation of all 13 mitochondrial polypeptides in human mitochondria (22, 24) . Recent proteomic analyses uncovered 73 proteins associated with the mitochondrial ribosomes (17) . later, Richter et al. (16) postulated that the immature colon carcinoma transcript-1 (ict1) might be a member of the mitochondrial release factors family. ict1 is a component of the 39S mitochondrial ribosomal subunit that carries a ribosome-dependent peptidyltRNA hydrolase (PTH) activity and is essential for cell viability. The authors also showed that this PTH activity is codon nonspecific and speculated that it might be involved in the hydrolysis of peptidyl-tRnAs in prematurely terminated (stalled) mitochondrial ribosomes.
Another feature of the mitochondrial translation machinery is the use of a number of different termination codons. As discussed, UAA is preferred in all (prokaryotic, eukaryotic and mitochondrial) translation systems. in mammalian mitochondria, its usage is close to 48 %, which is much greater than that of the second standard stop codon UAG (14.22 %). the UAA:UAG ratio in mitochondria is 3.4, which is higher than that in bacteria (2.4). The bias for UAA in prokaryotes and eukaryotes is explained by the fact that it is recognized by two release factors (RF1/eRF1 and RF2/eRF2), whereas the other two stop codons (UAG and UGA) are recognized by one release factor each (12) . In mitochondria, however, only one RF factor, the mitochondrial release factor 1 (mtRF1), is utilized. Since it recognizes both UAA and UAG codons (11) , it is logical to expect a lower frequency of usage for the UAA codon in mitochondria. This is contrary to our observation that UAA appears with a high frequency. the unexpected high preference for UAA observed here, might be explained by: i) existence of a putative mitochondrial release factor that specifically recognizes UAA and not UAG, or ii) existence of an auxiliary (helper) factor that enhances the activity/affinity of the mtRF1 for the UAA codon.
Final remarks
In this study we analyzed the frequency of usage of termination codons in 264 bacterial and 1308 mammalian mitochondrial genomes. expectedly, our results for bacteria are in accordance with published reports from small scale studies. In mitochondria, however, in addition to the two standard stop codons UAA and UAG, we revealed 40 additional non-standard stop codons with a frequency of usage varying from 0.001 % to 5 %. Assuming that the appearance of some extremely rare stop codons might be due to data processing or sequencing errors, we determined a reliability threshold of 0.01 %. this led to the omission of ten extremely rare stop codons and reduction of the number of the non-standard termination codons to 30 triplets (their usage is shown in Table 2 ). Bearing in mind that these non-standard stop codons may also serve as sense codons in the standard genetic code, the question is by what mechanism they are recognized as termination signals in mitochondria. certain codons, such as AGA/AGG in human mitochondria are not recognized by any mt-tRNA or mt-RF and promote termination via ribosomal frame-shifting (24) . Consequently, they may not be considered to be classical termination codons per se. the number of the predicted non-canonical termination codons that actually function as stop codons in mammalian mitochondria is difficult to estimate, without experimental support. We believe that our statistical analysis will inspire future studies designed to shed more light on the potential of such codons to terminate translation in mitochondria and on the mechanism of this process.
The ICT1 protein identified in the study of Richter et al. (16) contains an M domain, which is typical for the RF factors. Within this domain, GGq is responsible for the hydrolysis of the ester bond between the growing polypeptide chain and the last tRNA. However, the ICT1 protein appears to be devoid of a stop codon-recognizing NIKS domain. Hypothetically, this protein sticks to the E-site on the mitochondrial large ribosomal subunit and cleaves the ester bond independently of the codon type in the mitoribosomal A site (17) . Another protein, C12orf65, which is devoid of a NIKS domain and, therefore, hypothetically functioning as a codon non-specific release factor, has recently been described by Antonicka et al. (2) and Smits et al. (21) . together with mtRF1a/mtRF1, the ict1 and c12orf65 are also considered to be mitochondrial release factors (mtRFs).
Based on our data and other published reports, we could conclude that translation termination in mammalian mitochondria can be realized by both standard and nonstandard (non-canonical) stop codons. in principle, the latter are sense codons in the standard genetic code but, in a specific context, could play the role of termination signals.
To study the stop codon context in both prokaryotes and mitochondria, we used an original program developed by us (GTA, see above), which allows an analysis to be made of the frequency of occurrence of nucleotide combinations of stop codons and adjacent nucleotides (both upstream and downstream). thus, the frequency of usage of all hexanucleotides representing pre-stop:stop and stop:post-stop codons, and also the nonanucleotides pre-stop:stop:post-stop in all bacterial and mitochondrial genomes was determined. in a previous study, we determined the frequency of occurrence of the pre-stop:stop codon pairs in the E. coli genome and identified the most frequently used and missing codon pairs (4) . in the present study, we expand our analysis to 264 bacterial and 1308 mitochondrial genomes. As shown in Fig. 2 and Fig. 3 , the most frequently used nucleotides at positions -3, -2, -1 (upstream) and +1, +2, +3 (downstream) adjacent to the stop codons in both bacteria and mitochondria is A (30 % or higher), followed by U. At position -3 in bacteria the most biased nucleotide is G (32 %). In an experimental system Mottagui-Tabar and Isaksson (14) varied the nucleotides at positions -1 and -2, using a weak stop signal UGAA, and observed a well-expressed modulation of translation termination effect in E. coli and B. subtilis but not in S. typhimurium. other studies indicate that the content of nucleotides located downstream of the stop codon (+ signs) are also important for the efficiency of translation termination (15, 23) . This finding is supported by bioinformatics analyses of both prokaryotic and eukaryotic genomes (REF). This is in strong agreement with the X-ray crystallography analysis by Dalphin et al. (4) and Korostelev et al. (7), who independently showed that eRF1 interacts not only with the stop codon situated in the ribosomal A site, but also with the adjacent nucleotides at positions -1, -2, +1 and +2.
in addition, the pre-stop:stop codon usage data allowed us to determine the bias of c-terminal amino acids in bacterial proteins. As shown in Fig. 4 , the most frequently used c-terminal amino acids in bacteria are: lys (12.5 %), Ala and leu (about 8 %), Arg, Glu and Ser (about 7 %), Gly (6.1 %), Asp, Asn, ile and Val (about 5 %), Phe and Gln (about 4 %), etc. in terms of usage, the c-terminal amino acids can be classified into four groups: a) frequently used (Lys, Ala, Leu, Arg, Glu, Ser and Gly); b) moderately used (Asp, Asn, ile, Val, Phe, Gln and Pro); c) rare (Tyr, His and Thr), and d) avoided (Met, trp and cys). As seen in Fig. 4 , the group of frequently used amino acids is represented by: hydrophilic (lys, Arg, Glu and Ser), hydrophobic (Ala, leu and Gly), basic (lys and Arg), and acidic (Glu) α-amino acids. To some extent the same holds true for the group of moderately used amino acids. this makes it difficult to draw conclusions about the relationship between chemical nature and frequency of usage of the C-terminal α-amino acids in bacteria. It should be mentioned that the data presented in Fig. 4 represents an average for the 264 bacterial species used in this study. the frequency of occurrence of c-terminal amino acids in E. coli proteins alone (Fig. 5) indicates that the individual data might substantially deviate from the average presented in Fig. 4 . For instance, the most preferred c-terminal amino acid in E. coli is Glu (15 %) and not Lys (12 %) as suggested by the average counts, and the two moderately used amino acids Gln and Met in the average distribution are absent in the E. coli proteins.
The program, source codes and Appendices are available at: http://bio21.bas.bg/kirilov/.
Conclusions
the frequency of occurrence of stop codons as well as of combinations of stop codons and adjacent upstream and downstream nucleotides in 482 453 open reading frames belonging to 264 bacterial and 1308 mammalian mitochondrial genomes was determined by a novel program (Gene Triplet Analysis). Based on this analysis, the following conclusions can be drawn:
• the most frequently used termination codon in both bacteria and mammalian mitochondria is the standard termination codon UAA.
• Besides the two standard stop codons (UAA and UAG), 30 other non-standard termination codons are found in mammalian mitochondria.
• the preferential nucleotides in all three positions (±1 to ±3) adjacent to the termination codons in both bacteria and mammalian mitochondria are A and U.
• the most frequently used pre-stop:stop codon pairs in mammalian mitochondria are AAA:UAA (6.044 %), GAA:UAA (2.724 %) and AAU:UAA (2.054 %).
• the most common post-stop:stop codon pairs in mammalian mitochondria are UAA:AAA (3.53 %), UAA:UUU (2.42 %), UAA:AAU (2.11 %), UAA:UUA (1.78 %), and UAA:AUU (1.63 %).
• the most frequently used c-terminal amino acids in bacteria are lys, Ala, leu, Arg, Glu, Ser, Gly.
• the most frequently used c-terminal amino acids in mammalian mitochondria are Glu, lys, Ala, Arg, leu, Gly, Ser.
• The most avoided C-terminal amino acids in bacteria are Met, trp and cys.
